This paper investigates the mobility extraction from channel magnetoresistance, which is widespreading as a powerful experimental method to study transport in short gate devices. A fully self-consistent Monte Carlo device simulator is used to simulate the influence of a transverse magnetic field on electron transport in nanometer scale devices. After validation on a simple silicon magnetic sensor, the method is applied to the simulation of the channel magnetoresistance of nanoscale double gate metal oxide semiconductor field effect transistors. Apparent magnetoresistance mobilities MR are extracted from channel resistance variation with the applied magnetic field, using a measurement-inspired extraction method. The simulated temperature trends obtained by simulation are consistent with experimental data. As experimentally observed elsewhere, the extracted apparent mobility decreases with the shrinking of the channel length. No additional scattering mechanism specific to short channel devices was needed to observe this effect. This apparent mobility reduction observed in the simulated results is shown to originate from nonstationary transport, which is discussed and interpreted using simple numerical calculations. We propose a Mathiessen-like formalism in order to quantify this effect. Finally, ballistic transport is shown to have a significant impact on the apparent mobility extraction and must be taken into account if the apparent magnetoresistance mobility is to be used as a figure of merit to assess short device performance.
I. INTRODUCTION
The concept of mobility is widely used in microelectronics as a measurable figure of merit and as a core parameter in most analytical models developed to predict device operation. Although the mobility concept is questionable in short channel devices, 1-3 the apparent mobility extracted from device characteristics still includes useful information about carrier transport. Previous simulations showing its strong correlation with the on current I on suggested that it could be used as an accurate figure of merit for the on state of the transistor. 3 Mobility extractions are most commonly carried out using techniques such as split C-V or static methods. [4] [5] [6] [7] However, usual extraction methods strongly rely on the knowledge of the effective channel length, the extraction of which is less and less precise as devices scale down. Measurement of channel transverse magnetoresistance opens new prospects. Indeed, the magnetoresistance mobility MR can be extracted directly and independently of the channel length L ch , provided that L ch is much smaller than the device width. It has the additional advantage of extending extraction down to the weak inversion regime where other methods start to fail. It has been successfully used on several devices down to very short gate lengths. Experimental results show an unexpected degradation of extracted MR at short gate length, [8] [9] [10] similar to that observed for the effective mobility eff . [4] [5] [6] [7] In fully depleted devices, this degradation cannot be explained by an increased Coulomb scattering due to halo implantations as in bulk metal oxide semiconductor field effect transistors ͑MOSFETs͒. 7, 8 It is still unclear whether this behavior is due to specific scattering mechanisms localized near the source and drain 11 or to nonstationary transport limitations. In this context, the aim of this paper is to analyze the meaning of the MR parameter extracted at short gate length and its relevance as a figure of merit for carrier transport.
Transport in double gate ͑DG͒ structures including the influence of the magnetic field was recently studied using non-self-consistent Monte Carlo ͑MC͒ simulations considering a time independent field, spatially uniform in the channel direction, [12] [13] [14] which emulates long channel device operation in the linear regime. Here, simulations are performed using a fully self-consistent MC device simulator in order to analyze the influence of nonstationary transport on the magnetoconductance of short channel devices. The paper is organized as follows. Section II briefly recalls the theoretical background used to extract the magnetoresistance mobility. Section III describes the MC simulation tool, accounting for a uniform transverse magnetic field. After validation on a simple magnetic sensor, Sec. IV shows the magnetoresistance mobilities obtained in nanometer scale N channel DG MOSFETs, using a measurement-inspired extraction method. In Sec. V, the results are analyzed and compared to experimental data. The channel length dependence of extracted mobilities is investigated in terms of nonstationary transport effects.
II. MAGNETOTRANSPORT THEORY
The principle of mobility extraction from channel magnetoresistance derives from the basic theory of mobility dependence on transverse magnetic field in the diffusive regime. We briefly recall here the principle of the method.
In the stationary regime and at low electric field, the current density in a transverse magnetic field can be expressed as
E x and E y are the components of the electric field in the current flow plane ͑perpendicular to the crystal growth direction͒. xx and xy are the components of the conductivity tensor. In the limit of 2 B 2 Ӷ 1, they can be written as
where is the low field carrier mobility, 0 = qn is the conductivity at zero magnetic field, q is the electron charge, and n is the carrier density. The mobility can be determined using different device geometries. In long and narrow devices ͑L ӷ W where L is the length in the current flow direction and W the width of the device͒, the Hall mobility H can be deduced from the Hall voltage V H as a function of magnetic field. Indeed, the Hall electric field E H , which opposes the Lorentz force, can be written as
In short and wide devices ͑W ӷ L such as in MOSFETs͒, the Hall voltage is short circuited by the contacts, and the current density writes
In this case, the mean carrier velocity in the current direction writes
Thus, the conductivity is expected to decrease parabolically with B, and the magnetoresistance mobility MR can be deduced from the B-induced channel resistivity variations ͑de-fined as the geometric magnetoresistance͒,
where 0 is the channel resistivity at zero magnetic field. The magnetoresistance mobility can therefore be extracted directly from channel resistance variation with B, which leads to a simple extraction method. In this work, MC simulation is used to evaluate its validity in nanometer scale devices, where transport is known to be highly nonstationary. 3, 15, 16 
III. MC SIMULATOR
The simulations were performed with a particle MC device simulator ͑MONACO͒ coupled with a two-dimensional Poisson's equation solver. It has been extended to consider the effect of magnetic field on carrier transport. In this work, the usual scattering mechanisms related to phonons, ionized impurities, and SiO 2 / Si surface roughness are considered. The latter is taken into account via an empirical combination of diffusive and specular reflections ͑14% of diffusive reflections to match experimental long channel mobility data from Ref.
17͒. An analytical description of the conduction band structure with six ellipsoidal ⌬ valleys ͑for example, see Refs. 18 and 19, and references therein for more details on the simulator MONACO͒ is considered. The equations of motion are solved numerically using a first order RungeKutta algorithm as in Ref. 20 ,
where k is the carrier wave vector, r is the position, v͑k͒ is the velocity, is the kinetic energy, ប is the reduced Planck constant, and F is the electromagnetic force
where E͑r͒ and B are the electric and magnetic fields, respectively. The magnetic fields used in this work are assumed to be weak enough to consider the semiclassical model of electron transport. For efficiency reasons, quantization effects have not been taken into account here. However, it was previously shown that at device simulation level and for the film thickness studied here, the results obtained with a multisubband simulator do not show significant differences concerning transport and I-V characteristics. 
IV. RESULTS AND ANALYSIS

A. Hall mobility in magnetic sensor
In order to validate the algorithm used for carrier transport in the presence of a uniform magnetic field in the MC simulator, a simple 3 ϫ 2 m 2 N-type Hall sensor was simulated, consisting of a uniformly doped Si bar ͑N D =10 16 cm −3 ͒ with two electrodes ͑Fig. 1͒. A voltage V X = 0.2 V was applied between the contacts to set the electric field E X around 1 kV cm −1 . A vertical magnetic field B Z was uniformly applied in the whole structure. 
B. MC results for MR in DG MOSFETs
Here, the magnetoresistance mobility MR is studied in short N-channel DG MOSFETs. The simulated device is described in Fig. 3 . The channel length L ch ranges from 20 to 100 nm. The body thickness T Si is equal to 5 nm and the gate oxide thickness T ox ͑or equivalent oxide thickness͒ is 1.2 nm. The total gate overlap over source and drain regions is 10 nm. Using this scaling, short channel effects are known to have a negligible influence on device performance. 23 The devices were operated at low drain voltage ͑V DS Յ 50 mV͒ and with symmetrically biased gates ͑V GS − V T = 0.4 V͒. The total inversion charge density N S extracted from the MC simulations in these conditions was 10 13 cm −2 . A uniform magnetic field B Y was applied perpendicularly to the current flow plane ͑X , Z͒. The device was supposed invariant in the Z direction so that the Hall field is effectively short circuited by the source and drain voltage. The conditions required to use Eq. ͑6͒ for MR extractions were therefore satisfied. The structures were studied at three temperatures T = 100, 200, and 300 K. Ballistic channel devices, i.e., devices where scatterings are artificially switched off in the channel, were also studied at 300 K. Contrary to Ref. 9 , the influence of the access resistances R SD is neglected here since it is small ͑Ϸ25 ⍀ m at T = 300 K versus 1200 ⍀ m in Ref. 9͒ and nearly constant in all the simulated devices.
The magnetoresistance was deduced, thanks to the current I D ͑V DS ͒ obtained in the linear regime ͑V DS Յ 50 mV͒ as described in Ref. 9 . Extracted results are plotted in Fig. 4 for L ch = 20 nm. In agreement with Eq. ͑6͒, the geometric magnetoresistance ⌬R ch = R ch − R 0 is found proportional to B Y 2 , and an apparent MR can thus be calculated as the square root of the extracted slope. This is consistent with the behavior of the velocity averaged along the channel ͑inset of Fig.  4͒ , which decreases parabolically with increasing B Y and in agreement with Eq. ͑6͒.
The apparent mobility variation relative to the value at T = 300 K is plotted in Fig. 5 as a function of temperature for the MC simulated devices with L ch = 20 and 75 nm. Experimental measurements obtained using the MR extraction method described in Ref. 9 for a 70 nm gate length DG MOSFET with T Si =6 nm 4 are added for comparison. The trend obtained from MC simulation is consistent with experimental data. The mobility enhancement at low temperature is attributed to reduced phonon scattering.
The long channel magnetoresistance mobility value MR long is obtained using long channel MC transport simulation considering a time independent field, spatially uniform in the channel direction ͑not shown͒. MR is plotted in Fig. 6 as a function of channel length for both diffusive and ballistic channel devices. The carrier velocity averaged along the Fig. 4͒ is well reproduced using the extracted MR and Eq. ͑6͒. As experimentally observed, [8] [9] [10] MR decreases while shrinking L ch ͑using only the usual scattering mechanisms described previously͒. In the studied cases, the channel length is quite close to the electron mean free path mfp extracted from the MC simulations. 24 As illustrated in the inset of Fig. 6 , the extracted mobility behavior is strongly correlated with the mfp / L ch ratio. This has been recently shown to be a signature of the importance of nonstationary effects in such devices. 25 As shown in Ref. 3 from ballisticity extractions, transport in these devices is quasiballistic. The influence of nonstationary effects on the apparent effective mobility in the same devices has been previously studied using MC simulation and a similar behavior was observed. The results from Ref. 3 are reproduced in Fig. 7 . Remarkably, the qualitative behaviors of the effective mobility and the magnetoresistance mobility with shrinking channel length are similar. Although the linear behavior of eff bal ͑L ch ͒ in the ballistic case has been extensively studied, 3, 26, 27 it has yet to be investigated for MR . In order to understand how nonstationary effects influence magnetoresistance characteristics, the particular case of purely ballistic channel devices is now investigated.
044504-
3 Huet et al. J. Appl. Phys. 104, 044504 ͑2008͒ channel ͑inset of
C. The ballistic channel transistor case
It is interesting to notice that, as shown on Fig. 4 , it is possible to extract an apparent MR value for ballistic channel devices, although the transport is not in the diffusive regime. However, the mobility parameter extracted this way, plotted in Fig. 6 , is only an apparent mobility. Indeed, the usual mobility can only be defined in a collision-dominated regime. Moreover, similar to the apparent effective mobility in the ballistic limit 3,26 eff bal ͑also reproduced in Fig. 7 from Ref. 3͒, the extracted magnetoresistance mobility parameter is found proportional to L ch , although with a different slope. Indeed, the eff bal parameter can be written as
where th = ͱ 2k B T / ͑m͒ is the average velocity of a thermal equilibrium hemi-Maxwellian distribution ͑injected positive velocity carriers͒. In Ref. 3, the K eff bal coefficient extracted from ballistic channel device MC simulation at V DS = 50 mV was found equal to 8.4 cm 2 V −1 s −1 nm −1 , which is different from the theoretical slope ͑20 cm 2 V −1 s −1 nm −1 ͒ deduced from simple expression ͑9͒.
Since the magnetoresistance mobility parameter extracted from current variation with B seems to be proportional to L ch , it is interesting to have a closer look at microscopic quantities. Figure 8 shows microscopic quantities ͑mean velocity, flux, population, and distribution͒ of the carriers backscattered in the channel region at the top of the barrier, extracted from MC simulations of the ballistic channel device with L ch = 20 nm. As shown in the inset for B = 3 T, the velocity distributions of the injected ͑positive velocity͒ and backscattered ͑negative velocity͒ carriers in the source to drain direction approximately have a hemiMaxwellian shape. Remarkably, there is a non-negligible fraction of the source injected carriers that are backscattered by the magnetic field only since there are no scattering mechanisms in the channel. Moreover, similar to the drain current variation, the backscattered flux seems proportional to B 2 . Similar trends have been observed for the other ballistic channel lengths considered in this work ͑up to 50 nm, not shown͒. In order to have a better understanding of the behav- ior of the carriers backscattered by the magnetic field, the flux method approach to this problem is developed below.
In the flux method approach, the drain current I Dbal at low drain voltage for a ballistic transistor in the nondegenerate case can be written as
where C GS is the gate capacitance. This approach does not consider any backscattering of the carriers in the channel. However, in the presence of a magnetic field, the particle trajectory may be sufficiently deflected for the carrier to backscatter toward the source. In order to take the B-induced backscattering of the carriers into account, a channel transmission coefficient T = ͑1−R͒ is defined similarly to the diffusive transistor case so that the current I D at low V DS now writes
where R is the fraction of backscattered carriers. In order to analyze the ballistic transistor case, Eqs. ͑7͒ and ͑8͒ have been solved in the case of parabolic bands considering a time independent field, spatially uniform along the finite length channel. The carrier position along the x-axis when B 0 can thus be written as
͑12͒
where c = qB / m, m is the carrier effective mass, E x is the electric field along the x-axis ͑the source to drain direction͒, v x ͑0͒ is the initial velocity of the carrier along the x-axis, and v z ͑0͒ is the initial velocity along the z-axis ͑the device width direction͒. The carrier may be backscattered in the channel at
This problem may be solved analytically by neglecting the electric field E x and considering v z ͑0͒ = 0 for the distribution of injected carriers. Under these approximations, the resulting fraction of backscattered carriers has been found proportional to L ch 2 and B 2 ͓R Ϸ qB 2 L ch 2 / ͑ ͱ m th ͔͒. However, the resulting proportion of backscattered carriers is greatly overestimated when compared to the MC results. Moreover, setting v z ͑0͒ = 0 cannot be easily justified, and the electric field E x extracted from the self-consistent MC simulations is significant and depends on both the magnetic field and the channel length. Consequently, Eqs. ͑12͒ and ͑13͒ have been solved using a more realistic numerical calculation, which considers the actual electric field E x and the effective channel length ͑on which E x is weak and fairly constant͒ extracted from selfconsistent MC simulation data, together with an initial v x positive hemi-Maxwellian distribution and an initial v z Maxwellian distribution at equilibrium. The results of the calculation, plotted in Fig. 8 ͑lines͒, show a very good agreement with the microscopic quantities. A similar agreement has been obtained for the ballistic channel devices with L ch =35 and 50 nm ͑not shown͒. It should be noted that the simplified analytical approach gives the good behavior of MR bal as a function of L ch and B but fails to give the exact quantitative result. Therefore, even in the ballistic case, a fully selfconsistent calculation is clearly necessary to quantitatively describe the physics of carrier transport. Similar conclusions were found regarding the apparent effective ballistic mobility. 3 Nevertheless, at low magnetic field, the backscattering coefficient R extracted from the ballistic channel device MC simulations remains fairly proportional to B 2 for all the channel lengths studied. Using this assumption in Eq. ͑11͒ and identifying it with the fully diffusive case ͓Eq. ͑6͔͒,
Finally, a channel length-dependent parameter homogeneous to mobility can actually be extracted in ballistic channel devices. However, contrary to the fully diffusive case, it depends on device geometry. Moreover, as shown on Fig. 6 , the MR bal parameter is proportional to channel length, similar to the effective mobility in the ballistic case but with a different slope, defined as K MR bal , extracted from the MC simulations, and equal to 19 cm 2 V −1 s −1 nm −1 . Again, the eff bal and MR bal parameters are only apparent mobilities resulting from geometric limitations, which can be, respectively, extracted from electrical and geometric magnetoresistance characteristics in the ballistic limit.
V. DISCUSSION
Experimental short channel devices most probably operate in an intermediate regime in between the ballistic and fully diffusive limits. To quantify the importance of nonstationary transport on the extracted MR , a "Mathiessen-like" approach is used, as initially suggested by Shur 26 and similar to that used in Ref. 3 for the apparent effective mobility in quasiballistic devices ͑solid line in Fig. 7͒ ,
where K MR bal is the slope of MR bal extracted from ballistic channel device MC simulations and MR long is extracted from long channel MC simulations. The resulting variation in apparent MR with L ch is plotted in Fig. 6 ͑solid line͒. The Matthiessien-like interpolation between the purely ballistic and the stationary cases shows a very good agreement with simulation results. Therefore, this simple approach appears to be useful for the study of MR ͑L ch ͒ characteristics.
In order to illustrate the usefulness of the Mathiessenlike approach, Fig. 9 shows experimental results 10 in bulk MOSFETs with pocket regions at several inversion densities, compared to the magnetoresistance mobilities calculated with Eq. ͑15͒ using the long channel mobilities given in Ref.
10 and the previously defined K MR bal value. In the experimental bulk devices, the pocket implants are assumed to play a significant role in the degradation of the apparent mobility at short gate length. 10 However, there is no such pocket in the simulated DG MOSFETs. The agreement between the two sets of results is thus only qualitative, but it shows the proportion of extracted MR that can be attributed to nonstationary effects, e.g., about half of the observed degradation for N S =5ϫ 10 12 cm −2 . If we now compare the K MR bal and K eff bal coefficients, it should be noted that the MC simulated values are different with a ratio K MR bal / K eff bal of about 2.2, although the long channel values are close ͑ MR long / eff long Ϸ 1.2͒. This highlights the intrinsic physical difference between the magnetoresistance and effective apparent mobilities in the ballistic regime. The apparent magnetoresistance mobility is therefore less influenced by nonstationary effects than the apparent effective mobility. In the effective mobility extraction, the backscattering coefficient R is nonzero because of the scattering mechanisms. In the magnetoresistance mobility extraction, the scattering mechanisms also induce some backscattering, but they also limit the B-induced backscattering. Indeed, in the ideal case of a long ballistic channel with a uniform magnetic field, all the injected carriers would be backscattered and there would be no current flowing from source to drain. However, in the more realistic quasiballistic regime, the scattering mechanisms in the channel allow a velocity randomizing and induce a stronger parallel electric field, which limits the influence of the magnetic field.
To summarize, nanometer scaled MOSFETs operate between two extreme regimes of transport. In the long channel limiting case, where transport is fully diffusive, the drain current increases when the channel scales down. The extracted MR is then independent of L ch . It has its usual physical meaning and can quantify device performance. In contrast, in the purely ballistic limiting case, the drain current is constant whatever L ch . The extracted MR bal is correlated with B-induced carrier backscattering and is proportional to channel length. The quasiballistic regime is in between those two limits. In the devices studied here, the extracted MR starts to depend on L ch when MR bal and MR long are of the same order of magnitude, i.e., when L ch becomes close to mfp . In this case, only part of the extracted MR can be interpreted as the result of scattering. The rest arises from the channel length limitation related to ballistic transport and becomes dominant at very small L ch . Therefore, at least part of the degradation of the extracted MR at low L ch is only apparent and must not be interpreted as a degradation of device performance.
VI. CONCLUSION
The influence of magnetic field on carrier transport has been successfully implemented in a fully self-consistent MC simulator. The Hall mobility calculated in a magnetic sensor is in good agreement with the experimental value. Geometric magnetoresistance mobilities have been extracted from the MC simulation of short scaled DG MOSFETs using a method that emulates the experimental procedures. The temperature behavior calculated from MC simulation is consistent with experimental measurements.
The apparent magnetoresistance mobilities extracted from the MC simulations show a decrease with shrinking channel length. This decrease can be explained by nonstationary transport without the introduction of channel lengthdependent scattering mechanisms. The apparent mobility MR bal extracted from ballistic channel devices shows a linear dependence on channel length. An analytical resolution of transport equations qualitatively reproduces this behavior, but a self-consistent calculation is mandatory for a quantitative agreement with MC results.
With this apparent ballistic mobility parameter, a simple Mathiessen-like formalism has been used to study MR ͑L ch ͒ characteristics in quasiballistic devices. It has been shown that the MR mobility extraction in nanometer scale transistors is notably influenced by the quasiballistic nature of carrier transport, but scattering mechanisms remain significant. Therefore, the apparent mobility can be used as a figure of merit in short channel devices, provided that the nonstationary effects are correctly evaluated and taken into account. 
